The structure-property correlations, which direct the formation of specific active-acid sites in nanoporous silicoaluminophosphates (SAPOs) have been explored, to afford a molecular basis for the rational design of solid-acid catalysts. It is demonstrated that the influence of the specific zeotype framework extends beyond modulating Brønsted acidity, with the framework topology playing a fundamental role in reaction kinetics. The structural integrity and nature of the active site has been probed using a combined catalysis and multi-technique characterization study, aimed at optimizing the production of ε-caprolactam.
Introduction
Utilising in situ spectroscopy for understanding the precise nature and role of active sites at the molecular level, has led to the rational design of single-site heterogeneous catalysts [1] [2] [3] [4] for the manufacture of -caprolactam, an important precursor in the production of nylon-6. [5] Conventionally, -caprolactam is manufactured by the modified Raschig process using oleum and hydroxylamine sulfate, which results in the generation of ammonium sulfate as a by-product. [6, 7] With a view to improving the atom economy and energy efficiency, a two-step method was devised [8, 9] to transform cyclohexanone to ε-caprolactam. The first step employed TS-1 to activate hydrogen peroxide and ammonia to produce cyclohexanone oxime, [8] while the subsequent Beckmann rearrangement of cyclohexanone oxime is performed in the vapour phase (> 300 o C) with a high-silica ZSM-5 (MFI) catalyst, circumventing the need for oleum and other corrosive mineral acids (Table 1) . [9] The environmental benefits of this process prompted a significant body of research into the individual reaction steps, with HZSM-5 being prolific for the Beckmann rearrangement. [9] [10] [11] [12] [13] Similarly a range of species have been synthesized with the aim of increasing the lactam yield (Table 1) . [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The Beckmann rearrangement of cyclohexanone oxime has more recently been performed at low temperature, liquidphase conditions, [15, 25, 26] achieving near-quantitative yield of ε-caprolactam (> 98 % under optimized conditions) using a SAPO-37 catalyst. [14, 15] Zeolite Y, which possesses the same framework topology (FAU) as SAPO-37, on the other hand, leads to much inferior yields of ε-caprolactam (29 mol%, Table 1 ), under identical conditions. [15] Interestingly, HZSM-5 (while proficient in the gas-phase Beckmann rearrangement), affords inferior catalytic performance in the liquid-phase (21 mol%, Table 1 ). This is something we attributed to the significantly slower internal diffusion of cyclohexanone oxime in the MFI framework. [15] It is therefore pertinent to identify the precise nature of the active sites within these SAPO frameworks, as this will facilitate meaningful structure-property correlations to be established on the basis of the nature and strength of the solidacid sites. Contrasting the structural and spectroscopic properties of the SAPO-37 catalyst with zeolitic analogues (Zeolite-Y and ZSM-5) and other SAPO frameworks, will further substantiate the influence of the zeolite/zeotype topology and aid mechanistic insights in the low-temperature Beckmann rearrangement of cyclohexanone oxime. While it is possible to engineer different sites in a framework using different dopants, [27] [28] [29] [30] [31] [32] it is also possible that one dopant will create diverse acid sites when incorporated into different frameworks. It has previously been shown that Si 4+ ions doped into both AlPO-5 (AFI) and AlPO-34 (CHA) frameworks will create distinct active sites. [33] When substituted into SAPO-34, Si primarily undergoes type II substitution ( Figure S1 ), this yielding isolated active sites with a higher proportion of strong Brønsted acid sites. [33] Whereas Si in SAPO-5 primarily undergoes a mixture of type II and type III substitution, leading to silicon islanding. [33] This leads to clusters of acid sites, which are typically stronger Brønsted acid sites, than the isolated species within the same framework. As such, the framework topology plays a vital role in regulating the nature and type of the active site. This is highlighted further in our previous work, where we show the benefits of introducing mesoporosity into AlPO systems, generating hierarchical species for the vapourphase Beckmann rearrangement. [34] In this work we have chosen to focus on 4 distinct silicon-doped AlPO frameworks, namely AlPO-5, AlPO-34, AlPO-37 and AlPO-41. [35] These architectures were chosen due to the significant variations in pore-size and channel dimensions that exist between the frameworks. Given our previous work in contrasting the catalytic efficacy of different zeolite frameworks (and types of acid site) for the Beckmann rearrangement, we intend to explore the influence of both pore-size and the nature of the acid site in these SAPO frameworks.
The dimensions of the nanoporous cavities present in AlPOs play a prominent role in the Beckmann rearrangement, particularly in the liquid-phase, [36, 37] where the precise geometry and orientation of the micropores plays a crucial role in the diffusion of substrates, especially at low-temperatures. [38] While the properties of the framework are important, their influence over active site formation is also very significant. A range of silicon environments ( Figure S1 ) are possible on incorporating silicon into an AlPO framework, each with distinct acidic properties. The subtly different synthetic protocols ( Table   Figure 1 Contrasting pore-apertures in AlPO frameworks. S1) for each framework often cause a framework to favour a specific silicon site or environment. [39, 40] Consequently, a wide range of characterization techniques, to simultaneously probe both the active silicon species and the framework topology are required, before meaningful structure-property correlations can be established.
Results and discussions
The textural properties of the SAPO species were investigated using a range of physico-chemical techniques. Powder X-ray diffraction (XRD) confirmed that in all cases, the desired framework had been exclusively formed. No evidence of phaseimpurities or extra-framework species were detected ( Figure 2 , Table 2 ). Reitveld analysis yielded unit cell parameters for the different frameworks (Table S2 ). The structural data were in excellent agreement (< 2% deviation) with the expected values derived from the ideal frameworks, [41] subtle variations are anticipated, given the distortion of isomorphously incorporating silicon into an AlPO framework. [42] Analysis of silicon content in the SAPO materials confirms the low-levels expected (Table 2 and S3), following the trend SAPO-34 > SAPO-37 >> SAPO-5 > SAPO-41. While it would be desirable to have a consistent silicon loading for all samples, many SAPO species can only be formed, in a phase-pure manner, within a limited silicon content range, thus variations are accepted, [33] with a notable difference between the silicon loading of the two 3-dimensional systems (SAPO-34 and -37) and the onedimensional species (SAPO-5 and -41). The effect of silicon incorporation was investigated using nitrogen physisorption. In all cases the surface area is in good agreement with the undoped species, with silicon incorporation only subtly lowering the surface area, as observed in previous work (Table  2) . [2, 30] The chabazite and faujasite frameworks (SAPO-34 and -37, respectively) show characteristically superior surface areas, given the intertwining micropores in these three-dimensional structures. [15, 32, 43] In all cases the external surface area (Table 2) accounts for between 7 -13 % of the total surface area. Overall this data was in good agreement with the expected values that have been reported in literature. [2, 15, 33, 35] The SAPO materials show crystalline particles, in the range of 1 -5 μm, in Figure 2 Powder XRD confirming structural purity of different SAPO frameworks.
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Please do not adjust margins accordance with the intended space-groups or previously published work ( Figure 3 and Table 2 ). [2, 15, 33, 35, 41] This confirms the framework integrity of the synthesized SAPO materials.
One of the primary challenges in heterogeneous catalysis is that the active site is typically a small fraction of the catalyst, shrouded by the host matrix. [44] [45] [46] [47] [48] A comprehensive understanding of the active site requires an array of characterization techniques to, directly and indirectly, probe the acidic properties and local environment of the active species. In this vein, we combine findings from magic-angle spinning NMR (MAS NMR), temperature-programmed desorption (TPD) and Fourier-transform infra-red spectroscopy (FT-IR) to establish structure-property correlations that relate to the nature and strength of the acid sites within our solid catalysts. 27 Al MAS NMR ( Figure S2 ) of dehydrated samples, shows a prominent signal between 32-36 ppm, which can be attributed to tetrahedrally coordinated framework species, Al(OP)4. [49, 50] In some cases this signal is broadened by the presence of pentacoordinated Al species and hydrated Al(OP)4(H2O)x species.
There are also signals attributable to octahedral AlO6 species at ~ 0 ppm. [49, 50] 31 P NMR ( Figure S3 ) provides complimentary evidence to the 27 Al NMR, with all frameworks showing signals within the -25 to -31 ppm range, assigned to the primary P(OAl)4 species. [51, 52] Silicon nuclei in AlPO frameworks are markedly sensitive to neighbouring framework atoms. This can be observed via 29 Si MAS NMR ( Figure 4) , with each possible Si(OAl)x(OSi)4-x species occurring at a distinct chemical shift, allowing them to be readily Figure 3 Scanning electron microscopy (SEM) images showing particle morphology that is consistent with literature findings. [2, 15, 33, 35] identified. [51, 52] The charge imbalance from silicon undergoing type II substitution (replacing a phosphorus atom), is balanced by a proton binding to an adjacent oxygen atom, generating a Brønsted acid site ( Figure S1 ). [2, 15, 33] Other silicon environments may also facilitate Brønsted acidity: non-isolated silicon (silicon islands) occur from the combination of type II and type III silicon substitution. Smaller silicon islands (possessing mainly Si(OAl)3(OSi) groups, more type II substitution) will produce more acidity per silicon atom than larger silicon islands (comprised mainly of Si(OSi)4 environments and type III substitution, Figure S1 ). When located within the same framework, acid sites from silicon islanding are typically stronger than those from isolated silicon. 29 Si MAS NMR ( Figure  4 ) of the faujasitic SAPO-37 and chabazitic SAPO-34 show a dominant feature between -89 and -91 ppm, corresponding to Si(OAl)4, directly associated with Brønsted acidity. These two spectra show no other features, suggesting that silicon predominantly substitutes a phosphorus atom, via type II substitution, therefore creating isolated acid sites (Si(OAl)4). In stark contrast, the SAPO-5 and SAPO-41 samples show a signal with a maxima at -97 and -98 ppm respectively. Signals in this region signify the presence of Si-O-Si bonds within the sample, attributed to silicon islanding and diminished site isolation. [39, 40, 51, 52] While MAS NMR is able to determine the environment of the silicon species, probe-based techniques are required to study the behavior of these silicon sites, in order to contrast the nature and strength of the acid sites. Consequently, probebased FT-IR and TPD techniques have been employed to accentuate the features of the active species present. FT-IR experiments can simultaneously probe the nature, behavior and location of the acid sites by employing a range of basic probe-molecules, including CO and collidine (2,4,6-trimethylpyridine). Initially the hydroxyl-region (3800 -3500 cm -1 , Figure 5 ) of the bare-frameworks was observed to focus
Figure 4 29 Si MAS NMR to probe the local silicon environments, peak maxima shown. on the protonic species. Subtle features at 3745 and 3678 cm -1 were present in all SAPO catalysts, [53] corresponding to Si-OH and P-OH defect species, that are ubiquitous in SAPOs. [53] The frameworks associated with isolated active sites (SAPO-34 and SAPO-37) both show two distinct Si-OH-Al signals, further suggesting isomorphous framework substitution. SAPO-37 shows these peaks at 3640 and 3575 cm -1 , representing protons within the supercages and the sodalite cages, respectively. [54] The disparity between the two signals is due to the varying degree of hydrogen bonding the proton experiences with the framework oxygen in the two different conformations. Similarly, SAPO-34 exhibits two proton signals. The signal at 3626 cm -1 corresponds to protons within open cages, whereas the signal at 3599 cm -1 occurs from protons within the 6-rings of the 6,6 secondary building units. [55] The spectra of the SAPO-5 and SAPO-41 species complement the NMR findings, with the signals corresponding to the framework-substituted silicon species (Si-OH-Al) being less intense ( Figure 5 ). This is in agreement with lower silicon content, a lack of site isolation and silicon islanding observed in the 29 Si MAS NMR ( Figure 4 ). To explore the strength and number of acid sites, CO was employed as a molecular probe. On interacting with CO a decrease in the hydroxyl OH stretches is accompanied by the appearance of a signal in the 3300 -3500 cm -1 region attributed to O-H-CO interactions ( Figure 6A , S4 and S5). [54] [55] [56] [57] [58] [59] Further, a signal attributed to the CO stretch appears in the 2200 -2150 cm -1 region (Figures 6B, S6 and S7). The OH stretch in the smaller-pore SAPO-34 framework completely diminishes on CO adsorption, indicating all protons are accessible. The two signals which appear in the CO region, (2170 and 2140 cm -1 ) are attributed to CO adsorbed on Brønsted acid sites, and liquid-like physisorbed CO, respectively. [60] No CO bands were observed above 2190 cm -1 , confirming no Lewis acidity. In SAPO-37, the different acidic environments show contrasting behaviour as the signal at 3575 cm -1 is present after CO adsorption, suggesting it is inaccessible. However the primary signal at 3641 cm -1 significantly diminishes on CO adsorption, showing that a large proportion of the Brønsted acid species in SAPO-37 are accessible. The few acidic protons present in SAPO-5 and SAPO-41 are all accessible to CO, as the OH bands are no longer present after CO adsorption. The amount of OH signal shift, after deconvolution, on adsorbing CO, relates to the acid site strength, with stronger acid sites shifting to a larger extent. SAPO-5 shows just one O-H-CO peak, with a shift of just 270 cm -1 , corresponding to medium strength sites. SAPO-41 shows two different peaks appearing on CO interaction. The main signal at 3630 cm -1 , with a shift of 260 cm -1 shows primarily medium strength sites, with some weaker sites present as the peak at 3644 cm -1 shifts by just 190 cm -1 on CO interaction. The acid sites in SAPO-37 shows a stronger interaction with CO, as one peak appears with a shift of 305 cm -1 . In contrast SAPO-34 shows multiple peaks, in accordance with the literature; one has a shift of 286 cm -1 , and the other representing a strong acid site with a shift of 329 cm -1 . The integrated areas of O-H shifted CO signals allow for a comparison between the relative numbers of acid sites. Both SAPO-34 and SAPO-37 show significant quantities of acid sites, owing to a large proportion of isolated type II silicon species and similar silicon loadings. In contrast the silicon islanding in SAPO-41 and SAPO-5 results in fewer acid sites as expected (Table S4) . Further insights on the acidic properties of these materials can be gained through ammonia-TPD, as a complementary tool to CO FT-IR ( Figure 7 & Table S5 ). We note that while CO and NH3 cannot assuredly interact with all the acid species present, they can interact with the majority, and any sites not accessible to these probes will not be of interest catalytically for the larger species employed. TPD data emphasizes the trends witnessed above, with SAPO-37 and SAPO-34 showing similar quantities of acid sites, yet SAPO-34 possessing significantly stronger acid sites (Table S5 ). In contrast the SAPO-5 and SAPO-41 species possess a much lower quantity of acid sites. Further, these sites are weaker strength acid sites than those present in SAPO-34. It follows that to generate significant quantities of Brønsted acidity within an AlPO framework, targeted type II substitution is required. Despite identical substitution processes, the strength of the acid sites generated is dependent on the specific framework topology, as seen in SAPO-37 and SAPO-34. The combination of silicon islanding and a reduced quantity of framework silicon leads to the formation of substantially fewer acid sites with weaker acidity in the SAPO-5 and SAPO-41 catalysts (Table 2 and S3). [58] Despite providing information on the nature of all the acid sites present, neither CO, nor NH3, are comparable in size to the cyclohexanone oxime substrate. Therefore, to gain a better understanding of the chemical potential for the Beckmann rearrangement process, a more discerning probe molecule is necessary. Here collidine is used as a probe to mimic the bulkier cyclohexanone oxime (Figures 8, 9 , S8 and S9 and Table S6 ). [15] Once adsorbed, the amount of bound collidine was determined by quantifying the areas of the collidinium ν8a and ν8b signals (1637 and 1652 cm -1 respectively) [61] upon heating over a range of temperatures. Of the four samples, the larger-pore SAPO-37 catalyst was the only sample to show significant collidine uptake (0.41 mmol g -1 ), with SAPO-5 showing only a slight affinity for collidine (0.05 mmol g -1 ). The quantity of collidine absorbed by SAPO-41 and SAPO-34 was comparable, yet minimal (0.01 and 0.02 mmol g -1 respectively). These observations can be rationalized by the framework motifs and pore-geometries. The large-pore SAPO-37 (7.4 Å), permits the collidine probe access to the internal acid sites. However it is noted that only 44 % of the total acid sites (determined from NH3-TPD, Table S7 ) were accessible to collidine, likely due to bound collidine blocking neighbouring acid sites. In contrast, only 30 % of the active sites in SAPO-5 are accessible, despite possessing similar-sized micropores (7.3 Å). This shows collidine is able to access the internal sites, however the 1D nature of the AlPO-5 (AFI) framework, makes it susceptible to pore-blockage, hindering access to some internal acid sites. Whereas the 3D intertwining micropores of SAPO-37 will not be affected to the same degree, allowing greater uptake. Further the silicon islanding of SAPO-5 (seen in 29 Si NMR) will lead to more site-blockage from interacting collidine molecules. [62, 63] Finally the distinction in total collidine adsorption between the samples (0.41 mmol/g SAPO-37 and 0.05 mmol/g SAPO-5) mirrors the total number of acid sites present in both materials, as seen from NH3-TPD (Figures 7 and Table S5 ).
Material
The similar collidine uptake of the SAPO-34 and -41 catalysts, despite differing in both structural and physicochemical factors, is indicative of limited internal diffusion due to the smaller pores (Figure 1 ), therefore collidine is primarily adsorbing on the external surface, exclusively providing information on the catalytically available active sites. The similar uptake is indicative of the similar external surface areas between the two species ( Table 1) . It is emphasized that, while collidine is a comparable size to cyclohexanone, (more so than CO or NH3), they are not identical, as such there may be differences in accessibility; though currently the total number of accessible sites follows the trend: SAPO-37 > SAPO-5 > SAPO-34 ≈ SAPO-41. The subject of active-site accessibility is fundamental in determining reaction kinetics and optimizing catalyst performance, particularly in the low-temperature Beckmann rearrangement. [15, 65, 66] The collidine desorption temperatures differs in the larger-pore SAPO-37 and SAPO-5 compared to the smaller pore SAPO-34 and SAPO-41 ( Figure 9 and Table S6 ). In SAPO-34 and -41 the majority of the collidine is desorbed between 150-300 o C, suggesting the available (external) acid sites are weaker acid sites. Such behaviour is typical of hydroxyl species, likely due to the Si-OH and P-OH groups seen via FT-IR ( Figure 5 ). These species tend to be surface defect sites with little acidity, similar to silanols in zeolites, therefore would be readily accessible to collidine and catalytically active. In contrast the accessible active sites in SAPO-5 and SAPO-37 tend to desorb at higher temperatures, between 300-450 o C. This suggests the active sites which are accessible in SAPO-37 and SAPO-5 have a stronger interaction with collidine, and may be better suited for interacting with the cyclohexanone oxime reagent. The four SAPO catalysts show distinct acidity trends, therefore the production of ε-caprolactam using these heterogeneous solid-acid nanoporous materials was investigated. Both their activity for the liquid (130 o C) and vapour-phase (≥ 300 o C) Beckmann rearrangement processes was evaluated. The liquid phase method, while traditionally less efficient, has the advantage of being less energy intensive, given the lower temperatures required. [12, 25, 26, 67] It also offers prospects for studying interplay with the accessible active sites (as selectively probed by the collidine FT-IR) within the different framework topologies employed in this study. Under identical conditions significant differences in both activity and product specificity were observed between the four different frameworks. Samples were taken after 7 hours, these conditions were chosen as systems showed no significant change in activity or product distribution after this time ( Figures S10-S12 ), thus the reaction was deemed to be complete. Clear trends are evident in both conversion and selectivity for the liquid-phase process ( Figure 10 & Table S8 ). We note that the overall activity of the catalysts does not immediately correlate with insights gained ( Figure 10 & Table S8 ). We note that the overall activity of the catalysts does not immediately correlate with insights gained from the nature and strength of all acid sites, or even the local silicon environment. Instead a more intuitive relationship exists between pore-size and catalytic activity, similar to the trend seen in the collidine-probed FT-IR data ( Figures 9, 10 , S8 and S9 and Table S6 ). This is reinforced by considering the production rate of caprolactam per mole of silicon dopant (Table S8 ). This finding suggests that acid site accessibility is a key metric for the liquid-phase Beckmann rearrangement. We note that while all species contain surface Si-OH and P-OH species (as seen in the FT-IR, Figure 6 ) there are significant variations in the catalytic activity, suggesting these weaker sites do not play a significant role in the catalysis. [68] As such our findings are further emphasized when also considering the activity of Zeolite-Y and ZSM-5 under similar conditions (Table S8 ). [15] It is seen that the FAU systems (SAPO-37 and Zeolite-Y) have the highest activity, due to the larger intertwining 3D micropores and FAU supercages, permitting access to the internal active sites, not hindering the formation of bulky transition states and allowing the ε-caprolactam product away to diffuse away. This prevents over-activation and coking, causing the improved catalytic performance of the two faujasitic species at low temperatures. However this shows the importance of having the appropriate acid sites, to form a recyclable, active catalyst (Table S9 ). The 1D SAPO-5 material (pore-diameter of 7.3 Å, AFI), is more active than the SAPO-34 and -41 catalysts, due to the higher amount of available acid sites ( Figure 9 , Table S6 ). Interestingly our previous work on ZSM-5 (pore diameter of 5.4 Å, MFI) shows its catalytic performance lies between SAPO-41 and SAPO-34, in keeping with the trend in activity versus pore-size.
Recently we have shown that cyclohexanone oxime is unable to diffuse into the ZSM-5 framework over the timescales observable using quasi-elastic neutron scattering. [15] But a significant body of evidence that suggests ZSM-5 catalyses the Beckmann rearrangement at the pore-mouths [12, 69] It is highly likely that the improved lactam yield for ZSM-5 over SAPO-34 is due to the accessible pore-mouth acid sites of ZSM-5, which are more active than external surface sites of SAPO-34 (as probed through collidine FT-IR). Similarly the larger pores in SAPO-41, will allow the oxime to access a greater quantity of internal sites, than ZSM-5 and SAPO-34, explaining the improved activity. As despite the larger collidine probe being principally unable to access the SAPO-41 micropores, the smaller cyclohexanone oxime may still achieve limited diffusion.
To better understand the selectivity of the liquid Beckmann rearrangement we must consider the distribution of desorption temperatures within the collidine FT-IR data ( Figure 10 ). Contrasting this data for SAPO-37, SAPO-5 and Zeolite-Y it is clear that the latter has a larger proportion of stronger acid sites ( Figure 9 , Table S6 ). These stronger sites are known to promote ring-opening reactions, and the formation of cyclohexanone, over caprolactam. [15] This suggests that not only is the diffusion into the faujasitic framework vital (for low-temperature acid catalysis) but promoting desirable acid sites, is crucial to facilitating high selectivities for ε-caprolactam. It has been shown in the literature [25, 59] that the external silanol sites of Please do not adjust margins
Please do not adjust margins ZSM-5 are not as active under these conditions, and are also known to result in lower selectivity. [25, 59] However stronger Brønsted acid sites around the pore-mouths have been shown to be selective for this reaction, but may not be as readily accessible as the weaker surface silanol sites. [25, 59] In the case SAPO-34 and -41, the accessible sites (available to collidine) were primarily weak acidic sites residing on the surface. Further, it is well-known that microporous materials are able to suppress the formation of ε-caprolactam, as the constricting micropores instead favour the formation of linear ring-opening products. [70] However reactions occurring inside the larger-pore SAPO-37, and on the external surface of SAPO-34, will not be sterically hindered; thereby promoting the formation of the caprolactam product. Our results strongly suggest that the external surface acid sites (as probed by collidine FT-IR) are ineffective for activating the oxime molecule under liquid-phase reaction conditions. Crucially, access to the internal micropores, that host the desirable acid sites, is therefore imperative for the liquid-phase approach, as reflected in the collidine adsorption studies (Figures 8, 9 , S8 and S9 and Tables S6 and S7 ). However for a high yield of caprolactam to be achieved it is necessary that the active species be accessible, and of the correct strength, both of which are an inherent feature of the framework topology. [15] The vapour-phase process, while requiring higher temperatures, utilises a cheaper solvent (ethanol) for industrial applicability, often leading to greater catalyst efficiencies and lifetime. [7, [9] [10] [11] [12] [13] We compare our liquid-phase findings with the vapour-phase findings to gain a more holistic understanding of the Beckmann process, while a range of conditions were investigated, including temperature (Figures 11, S13 and S14), time on stream ( Figure S15 ) and WHSV ( Figure S16 and S17), a common set of conditions were chosen to optimise performance and limit deactivation for meaningful comparisons based on the characterisation of the 'fresh' samples. While direct comparisons cannot be made due to the differing experimental liquid and vapour-phase set-ups, there is sufficient understanding to draw useful conclusions from the different catalysts. Given the industrial implementation of the medium-pore HZSM-5 catalyst (5.4 Å), it is likely internal diffusion is not as significant in the vapour-phase, compared to the liquid-phase process. [15, 26, 55] We studied the vapour-phase process over a range of temperatures, in order to compare our findings with current literature methods. [7, [9] [10] [11] [12] [13] At first glance, at the lowest temperature (300 o C) the trend in caprolactam yield, for SAPOs, resembles that of the liquid phase process ( Figures  10, 11 , S13 and S14). The larger-pore SAPO-37 displays better catalytic performance when compared with SAPO-5 and SAPO-41, however is not as efficient, due to the threefold-higher silicon loading ( Figure S18 ) in SAPO-37. The smaller poreaperture of the SAPO-34 catalyst is comparatively ineffective at 300 C. Analogous arguments can therefore be inferred with regards to diffusion kinetics and the nature of the specific active sites under these conditions. However, it should be noted that, despite being a poor liquid-phase catalyst, ZSM-5 shows excellent activity at 325 o C (mirroring SAPO-37) which is not in is observed. The small-pore SAPO-34 catalyst produces a higher lactam yields similar to SAPO-41 and SAPO-5, despite SAPO-41 and SAPO-5 consistently being the most efficient catalysts per mol of silicon dopant ( Figure S18 ). The improved activity of SAPO-34 suggests that the neutral surface acid sites have been modified resulting in enhanced catalytic performance. Despite marked differences in diffusion occurring between the 130 o C liquid phase and 400 o C vapour phase processes, internal diffusion of cyclohexanone oxime is still highly unlikely in SAPO-34. However, given the increased activity, it must be concluded that the desirable (modulated) active sites are located on the surface or at the pore-mouth of the SAPO-34 catalyst. In this case, the higher temperatures (400 o C) activate the surface sites, thereby enabling a greater proportion of the desirable surface sites to catalyse the Beckmann rearrangement reaction. Modulation of surface acid sites [2, 30] at these temperatures occurs to a greater extent in SAPO-5 and -34, accounting for a complete reversal in catalytic performance. A decrease in lactam yield at 400 o C was observed in Zeolite-Y, ZSM-5 and SAPO-37 ( Figure 11 ). Despite seeing increased conversion at higher temperatures ( Figure S13 ), the selectivity decreased ( Figure S14 ). This is believed to be due to the formation of heavier by-products, that desorb at higher temperatures, and also due to the formation of ring-opening products, which lowered the selectivity of Zeolite-Y as the WHSV increased ( Figure S16 ), however at higher WHSV only cyclohexanone was seen as a by-product for SAPO-37 ( Figure S17 ). [73, 74] The fact that are catalytically significant. The main difference comes in lactam selectivity ( Figure S14 ): the weaker acid sites of SAPO-5 and -34 are now the most selective, suggesting that even at the higher temperatures (400 o C), the weaker sites are not able to instigate further reactions of the lactam, or ring-opening, unlike the SAPO-37, Zeolite-Y and ZSM-5. [73, 74] As such, a gradual progression in catalytic behaviour is noted with increasing temperatures, further vindicating the modulation of the acid site characteristics across the different catalysts.It is clear, that while the Beckmann rearrangement mechanism is well known ( Figure S19 ), differences in catalytic behaviour can be observed, depending on the reaction temperature. While diffusion plays a major role in influencing the reaction rate in the liquid-phase, the higher temperatures of the vapour-phase activate the acid sites at the external surface and pore-mouth of the catalysts. It is therefore highly likely that the liquid-phase Beckmann rearrangement primarily occurs on the more desirable internal acid sites, whilst the vapour-phase process can implicate the modulated external surface acid sites (and acid sites at the poreextremities), as observed in other acid-catalysed transformations. [15, 23, 66] This is emphasised in our catalytic findings (Table 3) where SAPO-37 is more effective for caprolactam production in the liquid-phase, highlighting the importance of accessibility to the desired internal acid sites. In contrast, in the vapour phase we see that the SAPO-5 and SAPO-41 species are most effective and efficient catalysts for lactam production, emphasising the influence of desirable surface acid sites at higher temperatures.
Conclusions
The influence of zeotype framework topology has been explored with reference to silicon-substitution mechanisms, which concomitantly modulates the nature and type of desirable active sites, in the Beckmann rearrangement of cyclohexanone oxime. By doping silicon into an AlPO framework (generating a SAPO species) one can induce an array of diverse solid-acid active centres within the nanoporous framework. The precise nature, location and strength of these active sites has been explored using a combination of structural, physicochemical and in situ spectroscopy, which have been designed to correlate the nature of the Brønsted acid active sites to the framework-specific substitution mechanism. The influence of the specific framework topology and its influence in facilitating desirable interactions with internal and external solid-acid centres has been probed in the liquid-and gas-phase Beckmann rearrangement of cyclohexanone oxime. The location and strength of such solid-acid sites within different zeolite and zeotype topologies is crucial in the tunability of catalytic properties at low-temperatures. Furthermore, the differences in catalytic profiles have been aligned with the multi-technique Please do not adjust margins Please do not adjust margins characterization study to determine modulation characteristics on active centres located within microporous solids. These studies also revealed contrasting catalytic behaviour between the liquid and vapour-phase processes, which lead to unique mechanistic insights that can be derived on the basis of sitespecific interactions of the active sites. The structure-property correlations derived from this study suggest that accessibility and acid site strength determined by collidine FT-IR, are both key metrics for achieving high lactam yields, and are both functions of the specific framework topology. This therefore provides a distinct insight into the design of solid-acid active centres for low-temperature acid-catalysed transformations, affording fundamental perspectives on the rational design of targeted solid-acid catalysts. [75] 
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